This paper presents a LCA study about household heat from Short Rotation Coppice wood pellets combustion. The overall process, from field growth to ash disposal, was considered; environmental analysis was carried out using a LCA software programme (Simapro 7.0) and adopting the EcoIndicator 99 model for the evaluation of the global burden; analysis with EPS 2000 and EDIP methodologies were also carried out in order to compare the different approaches. For the pellet production process, mass and energy flows were measured on an existing Italian plant, while other data were obtained from the Literature; a comparison between results obtained using only data from Literature and using data from the existing plant was made, showing for the pelleting phase a value of about 23% lower if measured data are used. The LCA study showed that agricultural operations account for most of the environmental impact if evaluated both with EcoIndicator 99 and EPS 2000; EDIP gave results that were not very reliable for this chain, due to the high weight given to the infrastructures and machinery construction. The comparison between data obtained considering and not considering the infrastructures contribution in the LCA analysis with EcoIndicator 99 showed a modest contribution of infrastructures on the final score (about 2%). The overall impact evaluated with EcoIndicator 99 is considerably less than the one caused by natural gas heating. The Energy Return Ratio was finally calculated; a value of 3.25 was found, good if compared to the one for the methane combustion, equal to 6.
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All the References were corrected. Biomass is equally suited for electricity generation, heating, cooling and fuels for transport, 38 offering environmental benefits, but it can also present environmental pressures. In fact a 39 substantial increase in the use of biomass from agriculture, forestry and waste for producing 40 *Manuscript Click here to view linked References energy could put additional pressure on farmland and forest biodiversity, as well as on soil and 1 water resources. Encouraging the development of renewable energy from biomass might also 2 counteract other environmental policies and objectives, such as waste minimization or 3 environmentally oriented farming. Moreover, it is likely that a fraction of the biomass consumed 4 in the EU, necessary to satisfy the above-mentioned target, will be imported because of lower 5 production costs in third countries. This could entail a risk of even greater pressures on natural 6 ecosystems and could lead to uncultivated land being brought into cultivation, including land 7 with a high level of stored carbon or otherwise representing high environmental value. It is 8 evident that the huge utilization of biomass as energy resource needs an appropriate 9 management as a key action to optimize the use of resource and to reduce the environmental 10 impact associated.
11
The Life Cycle Assessment (LCA) methodology could be employed to evaluate the 12 environmental and energetic sustainability of biomass energy chains, and in particular their 13 greenhouse gas savings. In fact LCA method proved to be a valuable tool for documenting and 14 analysing environmental considerations of product and service systems, that need to be part of 15 decision-making process towards sustainability.
16
In this paper thermal energy generation from wood pellet combustion, obtained from dedicated 17 energy crops (poplar), was analyzed and compared to natural gas chain used in a domestic 
23
Wood pellet is a product which is gaining popularity around the world as biofuel, while in Italy it 24 is still in the take off phase, requiring also specific set of rules to classify the product and its 25 quality. Pellet can be obtained from different feedstocks, such as residual biomass from 26 agricultural or industrial processes, forestry pruning and dedicated crops; they are gaining 27 interest because of the poor availability of sawdust from forestry residuals, but wood pellet from 28 energy crops may require more energy in the overall process from wood to pellet, than the 29 quantity obtained from the combustion of the biofuel.
Therefore it seemed necessary to carry out the LCA of wood pellet from Short Rotation Coppice 1 (SRC), namely poplar, to provide an objective procedure to evaluate the energetic and 2 environmental expenses. The resulting pellet is not high quality, in compliance to CTI -R04/5 3 recommendation [4], because it is characterized by an ash content of 1,5% -2,5%, being the 4 raw material composed by wood chips with an important percentage of bark.
5
Mass and energy flows of the overall process were evaluated including SRC cultivation, 6 pelletising, WP combustion, ash disposal and all required transportation.
7
There are several studies on the environmental impact assessment of wood pellet chains [5, 6] .
8
However in all cases biomass used for the pellet production is represented by raw materials as, 9 for example, residues from the wood lumber processing or sawdust and chips from wood 10 processing industries. For the pellet production step, these studies employ data from Norwegian 11 or Canadian companies; in this study one of the most important Italian pellet plant was 12 monitored during the production phase, in order to measure the energy required in each phase 13 of the process. The major difficulty of this study, in fact, was to find data about the pelletising 14 process, because only a few data about the various phases of the process were available in the 15 Literature [7, 8, 9] . In addition a comparison between renewable and fossil chains through a 16 single ecological index that includes not only the greenhouse gas balance but also other 17 important environmental impacts was carried out. Finally, unlike the cited LCAs studies, in the 18 present paper the impact of machinery and infrastructures used in the pellet chain and their 19 incidence on the global burden was also considered.
20
The Energy Return Ratio (ERR) was then calculated, in order to compare the pellet chain to 21 other conventional energy sources such as natural gas. are not taken into account because part of the harvested material is used for the next plantation.
23
Trasportation and storage
24
The second phase is represented by the transportation of wood chips to the pelleting plant,
25
assuming an average distance of 80 km, with a 28 t lorry, and characterized by a load factor 26 (defined as the mass proportion of actual transported load and maximum load capacity of a 27 vehicle, including the empty return trip) equal to 47%. The atmospheric, soil and water 28 emissions (due to tyre abrasion) and fuel consumptions were calculated according to [14] , which 29 also considers the construction phase of the vehicle.
30
The next process is the storage of raw material at the pelletising plant: it was assumed that the 1 movement of raw materials, inside the storage area, is carried out by a skid-steer loader (155 2 kW, load capacity of 5 m 3 ). Fuel consumption was calculated using data privately referred and 3 considering a load/discharge cycle of raw material with the following characteristics:  average time for load or discharge: 10 s.
7
Inventory data for the production of this machinery were not available and for this reason it was 8 considered a skid-steer loader with 110 kW power [15] .
9
Pelleting 10 A few data regarding wood biomass transformation into pellet were available in the Literature [7, 11 8, 9] , especially when referred to the single processes. Therefore an Italian pelleting plant was 12 contacted to evaluate mass and energy flows of the various steps, in order to comply the lack of 13 data. The plant is characterized by a production capacity of 2 t h -1 . In Table 3 the various 14 sections of the plant are described and the relative measured consumptions are reported:
15
− pre-treatment of raw material;
16
− drying (the heat source considered is a natural gas boiler which supplies 1000 kWh th per 17 tonne of evaporated water, dispersed into the atmosphere);
18 − comminution (provided by two milling sections that grind raw material fine);
19
− pelleting (two pellet mills, powered by diesel engines; each of them has a conditioning unit, 20 used to supply corn starch);
21
− cooling (pellets reach 70-80ºC and after pressing are cooled to 20ºC in a counterflow cooler);
22
− silage.
23
Electricity consumption of machinery was evaluated directly through an acquisition data system 24 (Multiver 3SN Dossena), which carried out an energy measurement from analogic inputs, 25 through amperometric pliers, for electric current, and, directly, for voltage.
26
Each operation was monitored for a variable period of time, according to the actual loading of 27 the machine. Energy was then referred to the processed quantity.
28
The contribution of the construction of the plant main structures was eventually taken into 29 account, considering only main materials and discarding energy consumptions for assembly.
The impact of land occupation due to pelleting plant was considered for an occupied area of 1 1 ha. In particular, it was considered an occupation (8 years For the pellet combustion process, a 22 kW pellet boiler was considered, and mass and energy 10 flows were calculated for the manufacturing of the boiler, the pipes for heat distribution inside 11 the building, the heat accumulator, the storage silo and the pellet extraction system. Also in this 12 case the energy necessary for the assembling of the items considered was not taken into 13 account.
14 Tab. 5 shows the assumptions and the total amount of materials considered in this process,
15
together with the emissions into the atmosphere produced by pellet combustion [16, 17] .
16
The electricity power due to water circulation pump and the screw pellet extractor was assumed 17 of 230 W, that corresponds to a consumption of 0,0027 kWh MJ -1
.
18
Ash disposal
19
The last process considered is the disposal of ashes, assuming an ash content of 2%, which 20 corresponds to 1,05 mg of ashes per functional unit. Ashes were considered co-products, that 21 can be used as potassium fertilizer, which can be directly spread on agricultural areas.
22
The method used to attribute environmental burdens to the co-product was the displacement 23 method, in which to the primary product is assigned the total environmental burden, minus 24 credits due to the environmental burdens avoided as a result of co-product displacement of 25 alternative products elsewhere.
26
Dismantling and recycling of machinery and infrastructures were not considered throughout the 27 study.
28 Impact Assessment
29
The Impact Assessment was evaluated considering three methodologies: EcoIndicator 99, EPS 30 2000 and EDIP.
EcoIndicator 99 is a damage-oriented approach, based on the weight given to damages by the 1 different Impact Categories. The uncertainty of EcoIndicator 99 is represented by the three 2 different versions in considering the potential damage due to a particular substance (the 3 individualist perspective has a short-term horizon and scarce interest in low-probability impacts, 4 the hierarchic one balances short and long-term horizons and has a consensus-based approach 5 to risk, the egalitarian one has a long-term horizon and relies heavily on the precautionary 6 principle). Health.
11
EDIP finally has a mid-point approach, which applies weighting factors on the basis of the 
RESULTS AND DISCUSSION
20
LCA analysis were carried out considering the following scenarios: 
27
Results are shown in the following.
a) Comparison between EcoIndicator 99, EPS 2000 and EDIP
29
EcoIndicator 99 30 Table 6 shows the global eco-score (3,19 mPt) and the eco-scores for each damage category.
1
It can be noted that the environmental impact on Human Health is much more important than 2 the impact on Ecosystem Quality and Resources. Moreover, the more relevant impact is the one 3 related to Respiratory Inorganics and Fossil Fuels (Tab. 7) due, respectively, to: particulate and 4 nitrogen oxides emissions from pellet boiler and pellet presses; diesel consumption, in tractors 5 and pellet presses; natural gas consumption in the boiler and for nitrogen fertilizers production.
6
The contribution of pellet combustion to the Fossil Fuels category is negative, because ashes 7 were considered as avoided product and therefore the environmental impact of chemical 8 potassium fertilizer production is subtracted from the global burden associated with the wood 9 pellet.
10
With reference to the distribution of the eco-score among the different macro-processes, it can 11 be observed that the environmental impact is mainly due to biomass cultivation (47% of the total 12 impact) and wood pelleting (26,6%). In particular, among agricultural processes (Fig. 2) , the 13 impact deriving from land use is very remarkable (25%), while among the other processes the 14 main contributions are surface dressing (37,5% of the energy crops production impact) and field 15 dressing (20,8%), because of fossil fuels consumption for fertilizer production and nitrogen 
22
This is especially due to the poplar cultivation and to the pellet combustion, because of the high 23 weight given to the metals used in the machinery production (nickel). A high score (8,76 mPt) is 24 also related to Life Expectancy due to the pellet combustion, and in particular to the high weight
25
of the atmospheric emission of polycyclic aromatic compounds. If considering the macro-26 processes, the higher contributions to the single score are due to pellet combustion (44,5%) and
27 to poplar cultivation (30,3%), especially for minerals and metals in the fertilizers production.
28
Furthermore, if machinery and infrastructures are excluded from the evaluation of the single 29 score, a value of 15,7 mPt is obtained (-40,5%).
30
EDIP 1
Results obtained by EDIP (Tab. 9) are not very reliable, due to the high weight given to the 2 machinery and the infrastructures construction; values of 2,31 mPt and 0,41 mPt were found, 3 because of the high weight given to the atmospheric emissions of iron in the steel production 4 cycle. Therefore the most important Impact Category is Soil Human Toxicity (87,1%) , while the 5 macro-processes with the higher environmental impact are the transformation of chips into 6 pellet (35,9%) and the pellet combustion (39,3%). The comparison with the environmental impact of heat obtained from natural gas combustion 28 was carried out assuming the following processes referring to EcoInvent library [18]:
29
 extraction and production of gas onshore and offshore from Germany, Algeria, Netherlands 30 and Russia;
 transportation to Italy through pipelines;
1  distribution to consumers through local pipe networks;
2  combustion in a boiler (<100 kW).
3
Results from EcoIndicator 99 show that heat produced from natural gas has a higher impact 4 (6,74 mPt) than heat produced from wood pellet (3,19 mPt), mainly because of fossil resources 5 depletion (Fig. 3) .
6
The single score for the methane chain with EPS 2000 is 37,5 mPt, especially due to the Impact 7 Category Resources Depletion; it is about 30% higher than the bio-energy chain.
8
The comparison with the methane chain carried out with EDIP showed for the bio-energy chain 9 a single score higher than for the fossil one (2,31 mPt vs. 0,87 mPt).
10
A comparison was finally carried out considering the energy efficiency, in terms of Energy
11
Return Ratio (ERR), defined as the ratio of total usable energy produced from the process 12 analyzed to total energy consumed in operating the process itself.
13
Results show that ERR index was equal to 6 for natural gas chain, while the value for biomass 14 chain was 3,25, in any case higher than the break even point (equal to 1). The main processes 15 which contribute to energy consumption are poplar cultivation (42,1% of the total energy 16 requested) and wood pelleting (37,9%).
17
18
CONCLUSIONS
19
The environmental impact assessments of a bioenergy chain through LCA methodology and 20 adopting EcoIndicator 99 method for the Life Cycle Impact Assessment step was carried out.
21
EcoIndicator 99 is in fact a well-documented and regularly applied impact assessment method.
22
Nevertheless a calculation with EPS 2000 and EDIP was also carried out, in order to consider 23 the different approaches.
24
The LCA study showed that agricultural operations account for most of the environmental Consumption; EDIP gave not very reliable results for this chain, due to the high weight given to 28 the infra-structure and machinery construction.
29
For the pellet production process, mass and energy flows were measured on an existing Italian 30 pelleting plant, while other data were obtained from the Literature; a comparison between results obtained using only data from the Literature and using data from the existing plant was 1 made, showing a lower value of the score related to the pelleting phase if calculated with data 2 measured on an Italian plant (-23%).
3
A further comparison was made between data obtained with EcoIndicator 99 with and without 4 considering the contribution of machinery and infrastructures in the LCA analysis; results 5 showed a modest contribution of infrastructures on the final score (about 2%).
6
A final comparison to heat produced from natural gas shows a 53% lower impact for wood 7 pellets with EcoIndicator 99, a 30% lower impact with EPS 2000 and a 62% higher value with 8 EDIP. Comparisons between the two chains were also conducted in terms of energy efficiency, 9 calculating the ERR index. An important result was obtained, because the biomass chain is 10 characterized by a value of 3,25, while for the natural gas chain ERR is equal to 6. Therefore
11
the biomass chain has a favourable energy balance, because its ERR index is clearly above of 12 breakpoint, equal to 1. 
